Superoxide dismutase (SOD) is an enzyme facilitating the removal of superoxide anions from living organisms. This study focused on SOD from the silkworm, Bombyx mori (bmSOD). cDNA encoding bmSOD was amplified by reverse transcriptase-polymerase chain reaction. The deduced amino acid sequence of bmSOD indicated that the residues forming the Cu/Zn binding site are conserved and that the sequence is in 60% identity to that of the Drosophila melanogaster. B. mori SOD was also close to the D. melanogaster SOD in a phylogenetic tree. The bmSOD mRNA and the enzyme activity were widely distributed in diverse tissues. bmSOD functionally overexpressed in Escherichia coli in a soluble form was purified, and its stability was examined. bmSOD at 4 C retained almost all of its original activity after incubation at pH 4-11 for 24 h. Incubation (pH 7) for 30 min at temperatures below 40 C also affected activity insignificantly.
On the other hand, ROS plays a significant role in the innate immunity system of insects. 5, 6) It stimulates signal transduction and mediates different responses such as cell growth and apoptosis. 7) Tissues and cells experience oxidative stress even during normal metabolism such as -oxidation of fatty acids and electron transport in peroxisome. 8) Hence, it is necessary for aerobic organisms to control ROS. Superoxide dismutase (SOD, EC 1.15.1.1) is a ubiquitous metalloenzyme in aerobic organisms that plays a crucial role in protecting organisms against toxic effects caused by ROS. 9, 10) SOD catalyzes a dismutation reaction that converts the superoxide radicals into molecular O 2 and H 2 O 2 .
11) SOD is widely distributed in eukaryotes. 12) Since the overexpression of SOD in the fruit fly, Drosophila melanogaster was found to extend its lifespan, SOD has been considered to be involved in lifespan extension. 3, 4, 13) cDNAs encoding SODs from diverse organisms have been cloned, some of which were overexpressed in various hosts. [14] [15] [16] [17] [18] [19] [20] [21] In spite of its important role in the regulation of ROS, the cDNA encoding a SOD of the silkworm is not yet available.
In this study, we cloned, sequenced the cDNA encoding a SOD from the silkworm, Bombyx mori (bmSOD), and overexpressed the recombinant enzyme in Escherichia coli. We found that both the bmSOD mRNA are distributed in diverse tissues. This is the first report to identify SOD of the silkworm, B. mori.
Materials and Methods
Insect and tissue dissection. Silkworm larvae (p50) maintained at the Institute of Genetic Resources Technology, Kyushu University (Fukuoka, Japan) were reared on mulberry leaves. On d3 at the 5th instar, fat body, midgut, silk gland, ovary, and testis as well as hemocyte were dissected in ice-cold 0.75% NaCl, immediately frozen with liquid N 2 , and stored at À80 C until use.
Cloning of cDNA encoding SOD. Total RNA was extracted from fat bodies with Sepasol-RNA 1 (Nacalai Tesque). The first strand cDNA was synthesized from the total RNA (5 mg) using Super Script II reverse transcriptase (Invitrogen) and oligo-dT primer. It was y To whom correspondence should be addressed. Fax: +81-92-624-1011; E-mail: yamamok@agr.kyushu-u.ac.jp Abbreviations: RT-PCR, reverse transcriptase-polymerase chain reaction; SOD, superoxide dismutase; ROS, reactive oxygen species; WST-1,4-[3-(4-indophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate; PAGE, polyacrylamide gel electrophoresis; IPTG, isopropyl 1-thio--Dgalactoside; PMSF, phenylmethanesulfonyl fluoride used as a template to amplify DNA fragments in reverse transcriptase-polymerase chain reaction (RT-PCR). Based on the results of a search in the SilkBase EST database, 22) using known sequence of D. melanogaster SOD, the following primers were designed for sequencing: 5 0 -CAATATCCATATGCCCGCCAAAGCAGTT-TG-3 0 and 5 0 -GTGGATCCTTAAATCTTGGCCAAGC-CAATG-3 0 . These contained NdeI (underline) and BamHI (double underline) to facilitate subcloning into plasmid vector. PCR was done under the following conditions: incubation at 94 C for 2 min, 35 sets of incubation at 94 C for 1 min, at 58 C for 1 min, and at 72 C for 2 min, and final incubation at 72 C for 10 min. The resulting PCR fragments were cloned into pGEM-T Easy vector (Promega) and sequenced using a Thermo Sequenase Cycle Sequencing Kit (USB) and a LIC-4200 DNA sequencer (Aloka).
Computer analysis and database search. DNASIS (ver. 3.4) was used for analysis of DNA sequences. Alignments and phylogenetic trees of SOD sequences were made by CLASTALW. Referring to the sequence of a cDNA encoding a D. melanogaster SOD, the B. mori cDNA was searched in the SilkBase EST database (http://papilio.ab.a.u-tokyo.ac.jp/silkbase/).
Localization of SOD mRNA. Total RNAs were extracted from silk glands, fat bodies, hemocytes, midgut, ovary, and testis. RT-PCR was done under conditions described above, and its product resolved on 1% agarose gel was detected by staining with ethidium bromide.
Measurements of enzyme activity and protein amount. Enzyme activity was determined by the method described previously. 9, 23) In brief, the activity catalyzing the reaction of O 2 À with 4-[3-(4-indophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate (WST-1) was measured by monitoring absorbance changes at 450 nm continuously. One unit of SOD was defined as the amount of enzyme capable of decreasing the rate of WST-1 reduction to 50% of maximum. Activity staining was used to detect SOD on a polyacrylamide gel by the method reported previously. 24) In the experiment, frozen tissues were homogenized in 70 mM potassium phosphate buffer (pH 7.8) containing 0.1% Triton X-100 and centrifuged at 10;000 Â g at 4 C for 15 min. The resulting supernatant was subjected to polyacrylamide gel electrophoresis (PAGE). 25) Protein amounts were determined with a Protein Assay kit (Bio-Rad), using bovine serum albumin as a standard.
Overexpression and purification of recombinant SOD. The cDNA encoding SOD was cloned into a pGEM-T Easy vector as described above. The resulting plasmids were digested with NdeI and BamHI and then were subcloned into pET-11b (Novagen) expression vector.
The expression plasmid was introduced into competent E. coli Rossetta (DE3) cells, which were grown on LB medium containing 0.1 mg/ml ampicilline, until the mid-log phase at 37 C. rSOD was induced by the addition of 1 mM isopropyl 1-thio--D-galactoside (IPTG) and supplemented with 50 mM ZnSO 4 and CuSO 4 . The cells were cultured for an additional 3 h, lysed in 20 mM Tris-HCl buffer (pH 8.0) containing 0.5 M NaCl, 4 mg/ml of lysozyme, and 1 mM phenylmethanesulfonyl fluoride (PMSF), and sonicated. After centrifugation at 10;000 Â g at 4 C for 20 min, the resulting supernatant was fractionated.
Unless otherwise noted, all operations were conducted at 4 C. The soluble fraction was subjected to ammonium sulfate fractionation from 30% to 70% saturation. The resulting precipitate was suspended in 10 mM potassium phosphate buffer (pH 7) containing 0.1 mM PMSF and 1 M ammonium sulfate and centrifuged. The supernatant was subjected to chromatography on a Butyl Toyoperal 650M column (Tosoh) pre-equilibrated with the same buffer. Proteins were eluted by linear gradient of ammonium sulfate from 1 to 0 M. Active fractions were combined, dialyzed against 10 mM potassium phosphate buffer (pH 7), and subjected to chromatography on a DEAE-Sepharose (Pharmacia) column. SOD was eluted by linear gradient of KCl from 0 to 0.3 M. The purity of the eluted fraction was analyzed by SDS-PAGE. 26) Irradiation of silkworm larvae by gamma rays. Silkworm larvae on d3 at the 5th instar were exposed to gamma rays at 10, 50, and 100 Gy using a gamma ray irradiation facility (Toshiba) at the Institute for Irradiation and Analysis of Quantum Radiation of Kyushu University. Larvae without irradiation were used as a control. Fat bodies were dissected in ice-cold 0.75% NaCl at a given time, homogenized with 70 mM potassium phosphate buffer (pH 7.8) containing 0.1% Triton X-100, and centrifuged at 10;000 Â g at 4 C for 15 min. The resulting supernatant was submitted for measurement of enzyme activity and protein amount, and then SOD activity (units/mg protein) was evaluated.
Results
Cloning and sequencing of cDNA encoding SOD The homologous clone to the cDNA encoding the D. melanogaster SOD was searched in the SilkBase database. Based on the results of the search, primers for RT-PCR were designed. The total RNA was isolated from the B. mori fat body, and the cDNA encoding SOD was obtained by RT-PCR. The sequence of the cDNA indicated that the open reading frame comprises 465 bp, encoding 155 amino acid residues. The sequence encoding bmSOD was deposited in GenBank (Accession no. AB179561). The molecular mass and pI of putative SOD were theoretically evaluated to be 15,841 and 5.78 respectively. The deduced amino acid sequence showed 69%, 68%, and 66% identity to those of SODs from D. virilis SOD, D. willistoni SOD, and D. melanogaster SOD respectively (Fig. 1) . The sequence also showed approximately 60% identity to those from rat, human, and mouse. As shown in Fig. 1 , in the sequence, there were 7 residues for Cu or Zn binding sites (Fig. 1) . Based on the phylogenetic tree generated from aligned sequences of SOD cDNAs, the bmSOD was estimated to be close to Drosophila family SODs (Fig. 2) .
Tissue distribution of the transcript and enzyme As shown in Fig. 3 , RT-PCR indicated that the SOD mRNA is expressed in fat body, midgut, hemocyte, silk gland, ovary, and testis (Fig. 3A) . The enzyme activity of the SOD was detected in homogenates from all tissues tested: fat body, midgut, hemocyte, silk gland, ovary, and testis by activity staining (Fig. 3B) . There was no difference in the size or the existence of isozyme from tissue to tissue.
Overexpresion and characterization of SOD Overexpression of the putative SOD was performed in the transformed E. coli Rosetta (DE3) with the pET-11b vector. The E. coli cells were grown in LB medium. After induction with IPTG, the cultured cells were collected and lysed. SDS-PAGE analysis of the resulting lysate indicated that the recombinant SOD (rSOD) is overexpressed in soluble form (Fig. 4A) . The specific activity of rSOD in the lysate was more than two times higher than that without the B. mori SOD gene (Fig. 4B) . When we added Cu 2þ and Zn 2þ to the culture medium for overexpression, we observed that the specific activity of rSOD in the lysate was more than eight times higher than that without the B. mori SOD gene (Fig. 4B ). The rSOD was purified to homogeneity by ammonium sulfate fractionation, hydrophobic-interaction, and anion-exchange column chromatography. The molecular size of rSOD was evaluated to be 16 kDa by SDS-PAGE (Fig. 4C) ; this agreed with the theoretical value. The yield of rSOD was 4.62 mg from 250 ml LB medium, and the specific activity of purified rSOD was 7:98 Â 10 4 units/mg. rSOD at 4 C was incubated at various pHs, and residual activity was measured at 37 C. rSOD retained almost all its original activity at pH 4-11 for 24 h (Fig. 5A ). rSOD at pH 7 was incubated at various temperatures for 30 min and residual activity was measured. rSOD retained its original activity after incubation below 50 C (Fig. 5B) .
Effects of gamma rays on SOD activity in fat bodies
Silkworm larvae were irradiated by gamma rays, and the activity of SOD in fat bodies was measured (Fig. 6 ). SOD activity (units/mg protein of fat bodies) after irradiation was compared with those of the control. Irradiation at 10 Gy affected activity insignificantly. However, the effects of the irradiation on the activity became notable with increases in dose. Irradiation at 50 Gy raised the activity 1.3 fold 2-6 h after irradiation: about 202 units/mg. Irradiation at 100 Gy resulted in twofold increase in activity after 2 h (from 154 to 313 units/mg). Activity decreased gradually at 4-12 h. 
Discussion
SOD has been considered to be the enzyme responsible for scavenging of O 2 À in insects. 27, 28) However, knowledge of SOD from the silkworm, B. mori is so far very limited. We isolated the total RNA from the B. mori fat body and obtained cDNA encoding bmSOD by RT-PCR. The deduced amino acid sequence of bmSOD showed about 60% identity to Cu/Zn-SODs from other insects, as well as mammals such as mouse and rat. Phylogenetic analysis also indicated that the bmSOD is closely related to the insect Cu/Zn-SODs already reported. In the amino acid sequence of the bmSOD, seven of the residues interacting with Cu/Zn were conserved. The calculated molecular mass for the bmSOD is nearly 16 kDa, consistent with those of Cu/ Zn-SOD isolated so far. The presence of Cu and Zn ions improved the overexpression of active bmSOD in E. coli. Based on these results, we concluded that the bmSOD is a Cu/Zn-SOD that is primarily in the cytoplasm and nucleus of the cells. The silkworm genome has been determined by the whole-genome shotgun method (http://sgp.dna.affrc.go.jp/). Using the sequence of bmSOD, we searched the coding sequence (BAAB01090015 + BAAB01102929) in the website and found a similar sequence (BAAB01128796 + BAAB01059405). The corresponding clones in SilkBase were found in P5PG0612, NRPG1309, NRPG0962, and fbS20028. Taken together, it is possible that at least two Cu/Zn-SOD isoforms are present in the silkworm. Besides Cu/Zn-SOD, two other families of SOD have been reported: Cu/Zn-containing extracellular SOD (EC-SOD) and manganese-containing SOD (Mn-SOD). EC-SOD is found predominantly in the extracellular matrix of tissues and in extracellular fluids. 29) Insect EC-SOD has been isolated from the fall webworm, Hyphantria cunia. 30) Since we detected a few SOD bands on a native PAGE gel of the B. mori hemolymph, and since their electrophoretic mobilities were different from that of bmSOD (Yamamoto et al., unpublished results), EC-SODs appear to occur in the silkworm. Mn-SOD is not a constitutive enzyme, and its biosynthesis is induced by elevated oxidative stress. [31] [32] [33] [34] [35] Recently, we cloned and sequenced the cDNA encoding the B. mori Mn-SOD (Accession no. AB190802; Yamamoto et al., unpublished results). Both the theoretical size and charge of the B. mori Mn-SOD were different from those of bmSOD; the molecular weight and pI of the Mn-SOD were 24,225 and 9.18 respectively. Since we did not detect the enzyme activity of the Mn-SOD, we A phylogenetic tree was built on the alignment of SOD sequences obtained from Swiss-Prot: E. coli (Q8FBD4); D. rerio (O73872); H. sapiens (O00441); R. norvegicus (Q6LDS4); and M. musculus (P08228). The tree was made with Neighbour-joining plot software. Numbers attached to nodes represent branch length. speculate that it is also an inducible enzyme.
For better understanding of the physiology of bmSOD, we examined the tissue distribution of its mRNA on d3 at the 5th larval instar. The mRNA was widely distributed in all tissues tested. We also examined the distribution of the enzyme activity of bmSOD on the same day. The distribution of the activity was similar to that of the mRNA. Considering the role of SOD as an ROS scavenger, the wide distribution of the transcript and the activity in the silkworm are to be expected. Studies on developmental changes of these distributions are under way. There are some reports on physiological responses to oxidative stress. [36] [37] [38] Irradiation by gamma rays is a typical stress. The irradiation (at 100 Gy) induced a notable increase in the activity of SOD in fat bodies. Raised activity thereafter decreased to normal levels. Taken together, SOD might participate in resistance to the oxidative stress by facilitating the degradation of O 2 À . To gain further information on bmSOD, rSOD was overproduced by E. coli cells. rSOD was obtained in a soluble and functional form. rSOD was purified by chromatography to homogeneity on SDS-PAGE. To confirm that the protein is different from the endogenous (A) rSOD was preincubated at various pHs at 4 C for 24 h, and its residual activity was measured at 37 C. Citrate-phosphate-borate buffer at various pHs (0.25 ionic strength) was used. (B) rSOD was incubated at various temperatures for 30 min and its residual activity was measured.
E. coli SOD, the purified SOD was digested with trypsin, followed by analysis with MALDI-TOF mass spectrometry. The pattern of peptide peaks corresponded to the silkworm SOD sequence, and not to the endogenous E. coli SOD (Yamamoto et al., unpublished results). Non-denaturing PAGE of rSOD with activity staining gave a single band at the same position as those of the protein extracts from various tissues of B. mori. It has been reported that mammalian Cu/Zn-SOD is usually a thermostable protein. 39) For example, bovine SOD retains most of its original activity after incubation at 70 C for 60 min. 40) On the other hand, Xenopus laevis SOD loses about 40% of its original activity after incubation at 60 C for 60 min, because Cys-150 in the SOD is more sensitive to heat than mammalian SOD. 39, 41) The bmSOD was less thermostable than mammalian SOD. Although so far we have no answer to the question whether the bmSOD Cys-146 is comparable to the X. laevis Cys-150, the difference in thermostability implies that bmSOD is of amphibian type. We further examined the pH-stability of the bmSOD at low temperature, because its thermostability was not very high. The bmSOD was stable in a wide pH rage under the experimental condition and the stability was similar to those of SODs. [42] [43] [44] Successful construction of the overproduction system of rSOD makes further characterization and studies including Western blot analysis possible. Fat bodies was dissected at various times after irradiation by gamma rays at 10 Gy ( ), 50 Gy ( ), and 100 Gy ( ), and proteins were extracted (see ''Materials and Methods''). SOD activity (units/ mg protein) was evaluated by measuring the enzyme activity and the protein amount. SOD activities are plotted as relative values by taking the corresponding activity without irradiation as one (control).
